Abstract-In this paper, we present here a miniaturized wavelength tunable laser with an extended feedback model for potential all optical network applications. The feedback model has been developed to study the wavelength tuning characteristics of the micromachined tunable lasers in the weak and medium feedback limits. The miniaturized tunable laser, having a size of 2 mm 1.5 mm 1 mm, is an integrated Fabry-Pérot diode laser with a surface micromachined mirror and a butt coupled optical fiber. A wavelength tuning range of 16 nm is achieved by moving the micromirror laterally, which is done by driving an electrostatic comb drive attached to the three-dimensional micromachined mirror.
I. INTRODUCTION

D
ENSE wavelength-division-multiplexing (DWDM) technology, which greatly improves the transmission capacity in optical fibers, employs multiple wavelengths separated by 100 or 50 GHz. The inventory cost and volume can be saved by use of tunable lasers to replace the wavelength-fixed laser sources. Wavelength-tunable diode laser is one such key component in fiber-optic communication systems. Combined with the passive wavelength routers, the tunable lasers are capable of switching and routing the optical signals in the full-mesh all-optical networks (AON) without the need for optical crossconnects (OXCs) [1] . Also, wavelength-based virtual networking in DWDM networks can be implemented by use of programmed wavelength tunable lasers [2] . Moreover, with the help of wavelength converters, tunable lasers are able to realize source-determined optical switching and routing even in a large scale AON [3] .
Although the wavelength of diode laser can be tuned by changing the temperature and injection current, for example, in multisection distributed-feedback lasers (DFBs) and sampled grating distributed Bragg reflector lasers (DBRs), these tuning approaches have limited uses due to small tuning range and/or limited output power. In contrast, the external cavity tunable laser has attracted significant interests since it can provide large tuning range, continuous-wave (CW) tuning, high output power and excellent wavelength accuracy while maintaining V. M. Murukeshan is with the School of Mechanical and Production Engineering, Nanyang Technological University, 639798 Singapore.
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single longitudinal mode. Also, the presence of external cavity yields a number of performance enhancements such as narrow linewidth ( 1 kHz) and high sidemode suppression ratio ( 30 dB). The conventional optomechanical external cavity tunable diode lasers have bulk sizes and slow speed, limiting their applications. The micromachined tunable lasers have been developed using the micromachined three-dimensional (3-D) mirrors to form the external cavities [2] , [4] - [6] . The precision and stable movement of the microactuators enables fine tuning of the wavelength. The small size of the micromachined mirrors yields high tuning speed and also makes it feasible to form the extremely-short-external-cavity tunable lasers. In addition, the micromachined tunable lasers yield high compactness, low fabrication cost, low power consumption, and easy integration with integrated circuits (IC) control circuits. A microfabricated tunable laser diode of 5 mm 5 mm size and 20-nm wavelength tuning was demonstrated by [4] . The micromirror for this laser diode and its actuator were fabricated using Nickel plating and were incompatible with IC process. In addition, a tunable laser using a micromachined polysilicon Fabry-Pérot (FP) etalon as the external reflector and filter with 4-nm tuning range was reported by [5] . The integration of micromachined mirror and laser diode to form miniaturized external-cavity tunable lasers could be found in literature [6] . In that work, the mechanical properties of high-precision actuators were investigated. However, the wavelength tuning characteristics were not presented. An integrated tunable diode laser using a surface micromachined 3-D mirror was also shown in our previous work [7] . However, the studies of wavelength tuning property were mainly under the assumption of weak feedback [8] , [9] . In tunable lasers that use the micromachined mirrors to form short external cavities, the weak feedback condition may not be satisfied.
The wavelength tuning characteristics with an extended feedback model will be studied and the results will be compared with the weak feedback model [8] , [10] . Also, a tunable laser by the integration of a micromachined 3-D mirror, a FP diode laser and a butt-coupled optical fiber is shown with wavelength tuning.
II. INTEGRATED MICROMACHINED TUNABLE LASER: EXPERIMENTAL DEMONSTRATION AND DISCUSSIONS
A micromachined tunable diode laser has been made by the integration of a surface micromachined 3-D mirror, an FP diode laser and a butt-coupling optical fiber. The diagram is illustrated in Fig. 1 . The optical fiber is aligned very near to the other exit window of the laser diode with the intention of directly coupling the output laser beam from the laser diode without the need for optical coupling lenses. The 3-D mirror sitting on a translating stage can be driven to translate by the comb drive. The suspension beams are used to maintain the translating stage hanging over the substrate. The micromirror surface is located parallel to one of the exit windows of the laser diode and reflect part of the laser beam back into the laser diode itself. By applying different driving voltages to the comb drive, the 3-D mirror translates and changes the external cavity length, leading to the wavelength tuning.
A SEM micrograph of the tunable laser is illustrated in Fig. 2 . The micromirror as well as the related structures are fabricated by employing the standard surface micromachining processes [2] . After fabrication and release, the micromirror is lifted up to the vertical position and then held by the position holders. This manual assembly is carried out by use of a probe station. Fig. 3 illustrates an assembled 3-D micromirror similar to that shown in Fig. 2 . The guide rails are used to align the diode laser and the fiber. After integration, the laser diode and the fiber are adhered to the substrate. It is noted that the end facet of the fiber and the laser diode facet that faces the 3-D mirror are coated with antireflection layers, and the 3-D mirror is coated with 0.5 m-thick gold. The separation between the micromirror and the laser diode is initially 10 m, and the fiber end facet has a 15 m distance from the laser diode. The tunable laser (including the 3-D micromirror and the diode laser) has a size of 2 mm 1.5 mm 1 mm.
The comb drive has two rows of comb fingers, as shown in Fig. 4 . There are totally 156 moving fingers. Each finger is The moving and the fixed fingers initially overlap by 10 m to make the comb drive work in its linear range. The static relationship between the displacement of comb drive and the driving voltage is governed by [11] (1) where stands for the finger number of the moving comb, and indicate the finger thickness and the finger gap, respectively, represents the stiffness of suspension beams.
The relations of comb drive translation and the driving voltage is measured as shown in Fig. 5 . The diamond points represent the comb drive displacements in the loading process (i.e., driving voltage increases from 0 to 30 V), and the circular points in unloading process. While the driving voltage is increased from 0, the comb drive does not have obvious displacement until the driving voltage reaches about 9 V. This is presumably due to the static friction between the micromirror structures and the substrate having some contact with each other. In Fig. 5 , the data follows the theoretical curve once the static friction is overcome. In the unloading process, there is a hysteresis of about 0.25 m. In the following loading process, the comb drive does not move until the displacement exceeds the hysteresis region. 
III. THE EXTENDED FEEDBACK MODEL
The extended feedback model of the FP laser with external cavity is based on the three-mirror model [8] , [10] as shown in Fig. 6 .
, and denote the two facets of the FP laser and the external mirror, and are real numbers representing the amplitude reflectances of and , respectively, while denotes the effective amplitude reflectance of the external mirror . However, is not directly the reflectance of mirror, as the coupling losses due to the mirror misalignment and the dispersion of laser beam should be taken into consideration.
is the effective refractive index of the lasing cavity, and and stand for the lengths of the lasing cavity and the external cavity, respectively. The reflection from the external mirror can be treated by combining it with the reflection of the laser end facet as shown in Fig. 6 , yielding an effective reflectance given by [9] (2)
where is the frequency of the diode laser, is the round-trip delay of the external cavity given by , and denote the light velocity in vacuum. and are the notations represent the amplitude and phase of the effective reflectance respectively. Assume , the multiple reflections in the external cavity are neglected. Then and are expressed by
and (5) (6) where is the relative reflectance of the external mirror and is a variable having a period of . For an initial electrical field inside the lasing cavity, after traveling a round trip through the lasing cavity and the external cavity, it would become (7) where is the amplified field, is the round-trip delay of the lasing cavity, and and represent the gain and loss of the lasing cavity, respectively. To obtain a stationary laser oscillation, the amplitude and phase conditions should be met [10] , yielding (8) integer (9) where denotes the round-trip phase of the laser beam after traveling through the lasing cavity and external cavity. From the amplitude condition in (8), the threshold gain difference due to the optical feedback is given by (10) where represents the natural logarithm. Derived from (9), the round-trip phase change induced by the change of frequency ( ) is given by [refer to the Appendix] (11) where is the group round-trip delay in the lasing cavity, is the effective group refractive index, and is linewidth enhancement factor [10] . The phase condition (9) 
where represents the value of at . It is noted that the (10)-(12) are derived under the assumption that , which is rather different from the weak optical feedback condition that was widely used [7] , [8] , [10] . However, they are also available for deducing the weak optical feedback condition. Assume , (10)-(12) yield
where represents the external feedback strength. Equations (13)-(15) are the same as those given in [8] and [10] . In this paper, the terms "weak feedback" and
This equation misses a term \xi
This equation misses a term \tao L in the denominator "medium feedback" are used to represent the cases of different feedback strengths, while the terms "extended feedback model" and "weak feedback model" represent the two different models. The weak feedback model is valid only in the case of weak feedback, while the extended feedback model covers both the weak and medium feedbacks. In the tunable lasers using micromachined mirrors, may not be so weak (e.g., ) due to the short external cavity. If the end facet is coated with dielectric antireflection films, can be reduced to a lower value (e.g., ). In this example, , while does not meet the condition of . Here, a simple classification is given that the conditions of and are regarded as the weak feedback and medium feedback, respectively, while other represents strong feedback. The values of 0.1 and 0.8 are chosen somewhat arbitrarily. Physically, represents the amplitude ratio of the light reflected by the facet to the light transmitting to the external cavity and then re-entering the lasing cavity (only one round). When , the light energy fed back from the external cavity is much smaller than that by the facet of the lasing cavity. It is a weak feedback. When , coherence collapse may be easy to occur [8] , which invalidate the analysis. In the micromachined tunable lasers that work in extended feedback region, (10)- (12) are more suitable.
In order to compare the difference of the extended feedback model and the weak feedback model, the weak feedback model is extended to the extended feedback region. The threshold gain difference induced by the optical feedback varies as the length of external cavity changes. The predictions by both models are compared in Fig. 7 (assuming ). Both predictions have a period of , as implied by (10) and (13). However, the medium model gives out a larger gain increment and a smaller gain reduction compared with those and predicted by the weak feedback model. The discrepancy of these two models increases with the increases of . In addition, the medium model predicts broad valleys in the curve of threshold gain difference. When the external mirror is initially adjusted to the valley regions, the threshold gain changes very small with the change of external cavity length. Thus, the output light intensity of the dominating mode is stable. However, the small slopes of the gain valleys are harmful for the sidemode suppression.
The wavelength variations predicted by (13) and (15) are illustrated in Fig. 8 to compare the medium model with the weak model. The weak model shows a cosine-like relation between the wavelength tuning and the external cavity length, while the medium model has sharp valleys and smooth peaks. This implies that in the micromachined tunable laser the wavelength can be tuned slowly with the movement of external mirror if the light is initially adjusted to one of the smooth peaks, and rapidly if to one sharp valley. In the extended feedback model, the achievable maximum and minimum wavelengths are smaller than those predicted by the weak model. However, the extended model gives larger tuning range (i.e., the achievable maximum wavelength minuses the minimum) than the weak model does. Based on (13) and (15), the wavelength tuning range given out by the two models are shown in Fig. 9 . For small relative reflectance , the two models match very well. While increases, the medium model tends to give a larger tuning range than the weak model does.
In the tunable lasers that use micromachined mirrors to form external cavities, the short distances between the mirrors and the laser facets are found to be inducing significant feedbacks. Under this circumstance, the extended feedback model should be adopted instead of the weak feedback model to avoid large discrepancy in analyzing the tuning characteristics.
IV. WAVELENGTH TUNING CHARACTERISTICS
The experimental setup for the measurement of wavelength tuning is shown in Fig. 10 . A power supply is employed to apply driving voltage to comb drive, and an optical spectrum analyzer is used to measure the wavelength changes. Some of the measured spectra are illustrated in Fig. 11 . The wavelength can be continuously tuned from 1536.07 to 1536.13 nm by applying driving voltage to translate the micromirror, and further micromirror displacement makes the wavelength jump to the adjacent mode at 1537.21 nm. It shows that the wavelength tuning is the combination of the continuous change and the mode hopping. The wavelength variation with the translation of the 3-D micromirror is shown in Fig. 12 . When the 3-D mirror displaces from about 0.3 to 0.9 m (relative to the biased position), the wavelength changes from about 1.544 to 1.528 m. A wavelength tuning range of 16 nm is obtained. Further increase of displacement does not show similar trend to give smaller wavelength. Instead, the wavelength increases, and this periodicity is the same as shown in Fig. 8 . The wavelength tuning predicted by the extended feedback model is also shown in Fig. 12 . It follows the trend of the experimental data except for at the bottom. The experimental data show a slow slope, while the extended feed- back model has a sharp valley. This difference is presumably due to the multiple reflections in the external cavity that is neglected in the extended feedback model. In the experiment, the wavelengths can only be smoothly tuned within small regions, and then jumps to the adjacent modes. The mode hopping is generally regarded as one of the major drawbacks for DWDM applications. However, to a certain extent, it may also be considered not so harmful. The wavelengths used in DWDM are discrete international telecommunication union (ITU) grids. By carefully choosing the FP diode laser and the external cavity, the mode hopping can help to tune the wavelength from one channel to another channel by discrete steps. The mode hopping acts as coarse tune, while the smooth wavelength change acts as fine tune.
V. CONCLUSION
A miniaturized tunable laser of 2 mm 1.5 mm size has been demonstrated using an FP laser diode integrated with the surface micromachining 3-D mirror and a butt-coupled optical fiber. A tunable range of about 16 nm has been achieved. An extended feedback model has been developed to study the wavelength tuning characteristics of micromachined tunable lasers that works in the medium optical feedback region, where the weak feedback model fails. The extended model covers also the weak feedback region. However, it is noted that the extended feedback model cannot predict the mode hopping and the small smoothly tuning regions. And this model is available only for the diode lasers operated near the threshold condition. APPENDIX From (9), the total round-trip phase change due to the frequency change is given by (A.1)
The effective refractive index changes with the frequency variation since the optical feedback alters the carrier density in the lasing cavity, and the change of effective refractive index is expressed by (A.2) where is the threshold carrier density. The carrier density variation induces the change of gain as given by [10] (A.3)
where denotes the imaginary part of the complex refractive index of lasing cavity. Using (A.2) and (A.3) it yields (A. 4) where is the effective group refractive index in the lasing cavity given by [10] (A.5)
Inserting (10) where is the group round-trip delay in the lasing cavity, and denote the round-trip phase change due to the gain variation given by (A.7) To achieve a stationary oscillation, the phase condition (9) requires , yielding (A.8) where represents the value of at .
